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ABSTRACT 
Natural hazards such as extreme coastal events can generate indirect impacts extending far beyond the exposed 
areas and the direct aftermath of the event. The recognition of such impacts in risk assessment is essential for 
preparing, mitigating against such events and for increasing the resilience of coastal communities. However the 
assessment is often limited to the direct impacts. This paper proposes new methodologies for assessing the 
indirect impacts of coastal storm events. Eight impacts are considered in the approach: household displacement, 
a financial recovery of households and businesses, business supply chain disruption, ecosystem recovery, risk to 
life, utility and transport disruptions. These methodologies are incorporated in the open-source INDRA model 
(INtegrated DisRuption Assessment) to compare and identify hotspots at a regional using a multi-criteria 
analysis.     
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INTRODUCTION 
The direct consequences of natural hazards are the loss of assets (built environment), human life and natural 
habitats. These quantitative losses (e.g. total damages, total injured and total fatalities) are used to report events 
that have occurred and to assess the potential losses of future events for informing risk management decisions. 
These numerical estimates might provide a good indication of the scale of the hazard, yet are insufficient to 
totally value the losses. The estimates are limited to the consideration of the shock of the event, and, as such, 
they poorly reflect long-term impacts and the lack of resilience of the impacted area. Indeed the loss of certain 
assets may lead to long and large disruptive effects including the disruption of essential services such as 
transport and utilities services (electricity and water). Transport might be temporally disrupted during and in the 
aftermath of a flood but longer periods of disruption due to the loss of essential structural assets such as bridges 
or a rail lines as was recently observed in major European flood events (EEA, 2014). Another example would be 
the displacement of a population (Few et al., 2004) where, following very extreme events such as Hurricane 
Katrina, thousands of households are displaced, many for several years and some have never returned to the 
same area (Merdjanoff, 2013). The financial recovery of these populations and businesses is another long-term 
effect which should not be neglected considering the often considerable gap between insured and uninsured 
losses (CEBR, 2012). The impact on businesses and the supply chain may also have severe consequences in the 
short and long term for the local economy but also on the global market as was illustrated by the Thailand flood 
on the automobile and electronic product supply chain (Haraguchi and Lall, 2014).  
A traditional and common approach employed in the field of economic loss assessment when applied to natural 
hazards follows the Source-Pathway-Receptor model (Gouldby et al., 2005). The SPR approach focuses on 
assessing direct losses and attempts to measure the first order of losses (e.g. business disruption for flooded 
business). The approach neglects higher order of losses, also called indirect losses or induced losses (Messner et 
al., 2007; Penning-Rowsell et al., 2013) and is challenged in this regard (Turner et al., 2003; Rose, 2010). This 
paper describes a new approach developed for assessing various disruptions following a coastal event and how 
this knowledge contributes to the improved the management of extreme event. The approach has been integrated 
in the open-source INDRA model (INtegrated DisRuption Assessment model), with the NetLogo software 
(https://ccl.northwestern.edu/netlogo/) available on the EU RISC-KIT project website (http://www.risckit.eu/ ) 
(Viavattene et al., 2015b). This model aims to assess and compare the risk at a regional scale using a multi-
criteria assessment approach. The resulting disruption indicators provide a measure of resilience, resilience 
being defined as “the amount of change a given system can undergo and still remain within the set of natural or 
desirable states” (Turner et al., 2003).  
METHODOLOGY 
Any assessment is developed to fulfill specific purposes. These purposes have to be recognized to understand 
certain methodological choices. The INDRA model has been developed as part of a Coastal Risk Assessment 
Framework (CRAF), which assess coastal areas at a regional case and identifies hotspots for more detailed 
assessment. The CRAF is one of the components of a suite of innovative and EU-coherent open-source and 
open-access methods, tools and management approaches (the RISC-KIT) (Van Dongeren et al., 2014). The main 
objective is to develop an impact assessment tool able to compare and rank different hotspots along the coast of 
various European settings using a Multi-Criteria Approach. An MCA imposes a standardisation of several 
independent criteria. In INDRA, each criterion represents an indirect impact indicator scored from 0 to 1 (0 
indicating no disruption and 1 a full disruption at regional scale). An extensive range of impacts might be 
considered in flood loss assessment (Merz et al., 2010; Meyer et al., 2013).  From these eight indicators relating 
to the different categories of receptors were selected as the key relevant ones, by considering existing 
methodologies and data for their assessment (Viavattene et al., 2015)  (Figure 1): 
• Population: three indicators, i.e. the potential risk to the population during an event, the displacement 
time and the financial recovery;    
• Business: two indicators, i.e. financial recovery and the business disruption of supply chains; 
• Ecosystems: an ecosystem recovery indicator; 
• Transport: regional service transport disruption; 
• Utilities: regional utilities service disruption (water plants, power grids or substations). 
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Figure 1: Impact assessment process 
 
Direct impact and reinstatement time 
In order to utilise such regional indirect indicators, it remains necessary to calculate the direct impact (purple 
boxes on Fig.1) at the receptor level (black boxes on Fig.1). This requires combining information on hazards, 
receptor location and their characteristics, and vulnerability information (red boxes on Fig.1). Yet the 
availability of data on land use or for different vulnerability components is variable and a key source of 
uncertainty (Viavattene et al., 2014). These significant issues of data collection and availability are recognized 
and the approach is developed so that it is: 
 Applicable for various types of receptor; 
 Applicable for multiple types of impact; 
 Not data demanding;  
 Sufficient to highlight major differences in impacts; 
 Comparative rather than quantitative; 
 Easy to use; 
 Flexible (from less to more detailed approach). 
Therefore, a common five-point scale (None, Low, Medium, High and Very High) is used to assess the direct 
impact for all receptors (Figure 2). The four thresholds are defined based on those receptors considered and the 
key hazard intensities resulting in the impact. Table 1 provides an overview of the existing coastal vulnerability 
indicators considered in the model. For Risk to Life and Ecosystem Recovery, the indicators can be already 
obtained using existing vulnerability assessment techniques: the Risk to Life model (Priest et al., 2007) and the 
Ecosystem Vulnerability Indicators (Zanuttigh et al., 2014). For the other indicators new methodologies have 
been developed and are presented below. It should be noted, here, that the direct impacts will not be considered 
in the multi-criteria analysis in order to avoid double-counting. However the users have the possibility to export 
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the direct impacts results for further analysis.  
The following sections describe the approaches (orange boxes in Fig. 1) developed to convert these direct 
impacts into the indirect indicators. 
 
 
Figure 2: Direct Impact scales and thresholds  
 
Category Direct impacts Hazard intensities 
(main) 
Vulnerability 
indicators 
Built 
Environment 
 
Inundation 
damages 
Flood depth,  
Duration 
 
Depth-damage 
curves 
Collapse  Flood depth-
velocity 
Risk matrix 
Evacuation and 
collapse  
Erosion distance 
shoreline   
Distance-based 
approach 
Population Risk to life Flood depth-
velocity 
Risk matrix 
Ecosystems Change in habitats Duration, depth, 
sedimentation 
Impact scale  
Table 1: Direct impacts, hazard and vulnerability for different categories 
Reinstatement time 
One key factor required to transform direct impact to indirect impact assessment is reinstatement time. For each 
impact level the approach considers an associated reinstatement time, i.e. the time required for receptors to 
return to their original state. The reinstatement time can, in some cases, simply be associated with the repair 
time. In other cases, various factors influence the recovery process and are difficult to disentangle.  
As such, for households, the reinstatement time of a residential property can be considered as the displacement 
time, i.e. the number of households that are required to move away from their permanent residences and into 
alternative accommodation. The duration of household displacement may relate to event characteristics (e.g. the 
severity of the damage sustained), the characteristics of the household (e.g. capacity to pay to repair/rebuild, 
insured/uninsured) as well as other causes which are event or receptor independent (e.g. the availability of 
materials or builders to repair/rebuild or the availability of alternative accommodation). Therefore a household 
displacement indicator cannot be directly and simply associated with the impact level. The methodology 
proposed in the model consists of a matrix indicating for each impact level the proportion of households being 
displaced for different period of times, scaled to reflect the potential disruption of the household (the worst case 
being a permanent displacement). The information required to populate the matrix may be derived from 
empirical evidence of past events. 
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Financial recovery 
A key factor linked to the resilience of coastal societies from extreme events is the ability of individual 
households and business to recover financially. Not all households and businesses will need to recover 
independently of any assistance, there are a diverse set of financial recovery mechanisms (including government 
compensation, government and private-market insurance, tax relief, charitable assistance, welfare relief). 
Although considered important to societal resilience, methodologies for the inclusion of this variable are 
lacking. A semi-qualitative, matrix-based approach (Table 2) has been developed to identify and assign the 
various potential states of financial recovery likely to be achieved by domestic households and businesses. The 
matrix has two different inputs, the characteristics of the receptor which draws on the presence of different types 
of recovery mechanism and the direct impact level. The four levels of financial damage have to be defined using 
existing vulnerability indicators such as depth-damages curves. The low scale indicates minor depth losses (e.g. 
drying and cleaning costs and superficial damage). The medium scale relates to depth where the main inventory 
items are lost, whereas the high scale relates to flood undermining major building components. The very high 
scale is reserved for building collapse situations. The financial recovery is scored from 1 to 5, 1 indicating a full 
financial recovery (e.g. recovery with no/few adverse impacts) and 5 a very low financial recovery is possible 
(e.g. major and permanent changes to their way of life).   
 
 
Table 2: Insurance Matrix for scoring the financial recovery 
Systemic Impacts 
Business supply chains, transport and utilities services categories commonly have a systemic vulnerability 
associated with their networks, which are considered to be an ensemble of nodes and links exchanging flows. 
The systemic vulnerability is a combination of various factors such as the function and importance of each node, 
the flows and capacity of the links, the typology of the network, the existence of dependencies and 
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interdependencies, or the degree of uniqueness. The chain of interrelationships that exist between those nodes 
and links that are directly impacted by the hazard and the rest of the network determines the capacity of a given 
system to continue functioning. The three indicators associated with each category aim to score such levels of 
disruption. Modelling the propagation of the impacts through the networks is required. Overall modelling 
techniques to assess impacts on networks are: empirical analysis based on survey and expert input, statistical 
analysis, network analysis, flow modelling or agent-based modelling. Network analysis, which is faster and less 
data-demanding, was selected as the best technique to address the constraints stated previously. In Graph 
Theory, from which network analysis derived, a network is represented by a set of nodes and by a set of links 
between the nodes. This technique analyses the network’s structural properties based on node and link 
characteristics such as the connectivity between two nodes (shortest pathways, level of  connection, maximum 
flow) or the centrality of a node in a network (degree, closeness, “betweenness”) (Tanenbaum, 1981). In 
INDRA the assessment consists then at comparing the disrupted network with the network in normal condition 
producing as such an indicator of disruption scaled between 0 and 1 (0 indicating no disruption). After the flood 
the disruption varies over time as the damaged assets reach their reinstatement time and become functional 
again. This dimension is considered in the approach by integrating the daily disruption indicator for each 
category. However the specificity of the services categories remains to be considered in the assessment. Figure 3 
provides possible schematic of the three considered network categories.   
 
Figure 3:  Example of network configurations 
For the transport category, the network is represented by a road junction, a railway station associated with an 
importance value (blue nodes of various size in Fig.3) and by roads and railway lines associated with a speed of 
circulation (links). The approach estimates the extra journeys between any locations following the temporal loss 
of one of the nodes or lines due to flooding (direct impact) based on the Dijkstra’s Algorithm which is usually 
employed to perform the calculations of the shortest distance between two nodes of a network. The indicator 
developed to assess the disruption on the transport network has been called the Weighted Disconnection and 
Time Lengthening Indicator (WDTL). It combines a Connectivity Ratio and a Time Ratio. The Connectivity 
Ratio gives information on the loss of connectivity to the places with more or less importance. The Time Ratio 
aims to represent the scale of increased travel time from one node to another. Hence, the ratio only takes into 
account the travel times between the nodes that remain accessible after the occurrence of the disruptive event.  
For utilities, a network represents all those assets required to provide a service (e.g. water or power supply): the 
type of assets vary from one supply system to another but overall can be represented by source (blue nodes In 
Fig.3) and demand nodes (green nodes in Fig. 3) associated with a capacity and connected by transmission 
assets (nodes or links). The adopted approach is simplified so that it can be performed with low data input 
limited to the network topology and source and demand volume. The network topology is modified accordingly 
over time considering the loss of assets (direct impacts) and their recovery (reinstatement time) to estimate the 
potential extent of the disruption beyond the impacted areas. The indicator combines a connectivity loss ratio 
and an imbalance value. The connectivity loss ratio (percentage loss of connection) is defined by assessing if a 
source remains connected to each supply node and therefore a service is still provided. The imbalance value 
measures whether the demand exceeds the supply and therefore if there is a risk of services not being delivered 
(i.e. over demand and potential blackout).  
For business disruption a network represents a supply chain, which is a group of businesses exchanging goods 
following the concept of tiers of suppliers within supply chains (Stadtler & Kilger, 2008). Yet assessing all 
business supply chains and their interaction remains ambitious. Therefore a helicopter view is recommended. 
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For coastal impact assessment the focus should be upon the principal coastal infrastructure assets, the principal 
clusters of businesses (e.g. hotels, food and drinks suppliers, restaurants etc.) and the lines of conveyance (arcs) 
between these which may be disrupted by an event (Figure 3). The indicator is calculated as the sum of the 
reduction in the supply capacity of each of its nodes weighted by their relative economic importance. To do so, 
in the model each business property can be associated with a supply node and, as such contribute, to calculate 
the overall capacity of the specified node. The temporal loss of each business property (direct impact and 
reinstatement time) can then be associated with a reduction of the overall capacity of a node at a certain time. 
The capacity of each node is then calculated considering change in the supply from tier n to tier 0, change in the 
demand resulting from a lack of attractiveness induced by the loss of other receptors, change in the supply from 
tier 0 to tier n. The potential spare capacity of the business property is also considered in the approach as 
mitigating the loss of other business supply capacity.  
Multi-Criteria Analysis 
For a given storm and hotspot, the obtained indicators can be analyzed as such or combined to obtain an overall 
indicator. To do so, a multi-criteria assessment by weighted summation can be performed by the end users 
(Figure 4). A tailored interface allows weighting the indicators between 0 and 100.  The sum is constrained to 
equal 100.  Each hotspot can then be compared to the others for a selected return-period or by calculating an 
overall risk value.  
 
Figure 4: Snapshot of the INDRA model MCA Interface 
CONCLUSION 
The approach proposed and developed within the INDRA model supports decider-makers’ assessment of 
disruption resulting from extreme coastal events. To do so, new methodologies have been developed to better 
consider indirect impacts within the decision process, including the use of network analysis techniques in loss 
assessment. The primary objective of the approach is the comparison of risk at the regional scale to identify key 
hotspots for improved coastal management and the better allocation of resources. The model also allows the 
identification of the weak points in essential networks and of those communities and businesses which may face 
a longer and more difficult recovery process. Such identification is essential in the preparedness of an event to 
mitigate hazard impacts and improve the resilience of coastal cities. However it should be recognized that 
bringing innovative assessment approach exacerbates the problem of validation already dominant in risk 
assessment. Depending on the case study, the results will be validated by experts and local stakeholder’s 
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consultation, using empirical data on previous events and existing risk assessment. A qualitative and descriptive 
assessment of the data representativeness used as input in the model is also produced to highlight limitation in 
the assessment and provides guidance for future improvement to the stakeholders. The model is currently 
applied to various European regions and the lessons learned from its application will be published by the end of 
the project. 
ACKNOWLEDGMENTS 
The work described in this publication was supported by the European Community's 7th Framework Program 
through the grant to the budget of RISC-KIT, contract no. 603458, and by contributions by the partner institutes. 
REFERENCES 
 
1. Centre for Economics and Business Research (CEBR) (2012) Lloyd’s Global Underinsurance Report, 
October 2012, Lloyd’s: London, UK.  
2. European Environment Agency (2014) Adaptation of transport to Climate Change in Europe: Challenges 
and options across transport modes and stakeholders, report, No 8/2014, available at: 
http://www.eea.europa.eu/publications/adaptation-of-transport-to-climate (accessed 05.11.2015)  
3. Few, R.; Ahern, M., Matthies, F.and Kovats, S. (2004) Floods, health and climate change: a strategic 
review, Tyndall Centre for Climate Change Research, Working Paper 63. 
4. Gouldby, B. Samuels, P. ,Klijn, F., Os, Ad Van, Sayers, P. and Schanze, J, (2005) Language of Risk - 
Project definitions, EU Floodsite project N. GOCE-CT-2004-505420. 
5. Haraguchi, M. and Lall, U. (2014) Flood risks and impacts: A case study of Thailand’s floods in 2011 and 
research questions for supply chain decision making, International Journal of Disaster Risk reduction, 
Article in press.  
6. Meyer V., Becker N., Markantonis V., Schwarze R., Van den Bergh J. C. J. M., Bouwer L. M., Bubeck P., 
Ciavola P., Genovese E., Green C., Hallegatte S., Kreibich H., Lequeux Q., Logar I., Papyrakis E., 
Pfurtscheller C., Poussin J., Przyluski V., Thieken A. H., and Viavattene C. (2013) Assessing the costs of 
natural hazards – state of the art and knowledge gaps, Nat. Hazards Earth Syst. Sci., 13, 1351-1373. 
7. Merdjanoff, A. (2013) There’s no place like home: Examining the emotional consequences of Hurricane 
Katrina on the displaced residents of New Orleans. Social science research, 42 (5), 1222-1235. 
8. Merz, B., Kreibich, H., Shwarze, R. and Thieken, A. (2010) Review article: Assessment of economic flood 
damage, Natural Hazards and Earth System Sciences, 10, 1697–1724. 
9. Messner, F., Penning-Rowsell, E., Green, C., Meyer, V., Tunstall, S., Van der Veen, A. (2007) Evaluating 
flood damages: guidance and recommendations on principles and methods, EU Floodsite project N. GOCE-
CT-2004-505420. 
10. Penning-Rowsell, E.C., Priest, S., Parker, D., Morris, J., Tunstall, S., Viavattene, C., Chatterton, J., Owen, 
D. (2013) Flood and Coastal Erosion Risk Management: A Manual for Economic Appraisal, London, 
Routledge. 
11. Priest, S., Wilson, T., Tapsell, S., Penning-Rowsell, E., Viavattene, C. and Fernandez-Bilbao, A. (2007) 
Building a Model to Estimate Risk to Life for European Flood Events, Final Report, FLOODsite project 
report T10-07-10, HR Wallingford, UK. 
12. Rose, A. (2010) Economic principles, issues, and research priorities in hazard loss estimation. In modelling 
spatial and economic impacts of disasters, Springer edition, 13-36. 
13. Stadtler, H. and Kilger, C. (2008) Supply Chain Management and Advanced Planning, Concepts, Models, 
Software and Case Studies, 4th Ed, Springer, Heidelberg. 
14. Tanenbaum (1981) Connectivity analysis. Computer Networks, 36-56.  
15. Turner, B. L., Kasperson, R E; Matson, P A; McCarthy, J. J., Corell, R. W., Christensen, L., Eckley, N., 
Kasperson, J. X., Luers, A., Martello, M. L., Polsky, C., Pulsipher, A., Schiller, A. (2003) A framework for 
vulnerability analysis in sustainability science, Proceedings of the National Academy of Sciences of the 
USA 100,14, 8 July, 8074-8079. 
 Viavattene et al.  
 
INDRA model: for a better assessment of coastal events 
disruptions 
 
Short Paper – Planning, Foresight and Risk Analysis 
Proceedings of the ISCRAM 2016 Conference – Rio de Janeiro, Brazil, May 2016 
Tapia, Antunes, Bañuls, Moore and Porto de Albuquerque, eds. 
 
  
16. Van Dongeren, A., Ciavola, P., Viavattene, C., De Kleermaeker, S., Martinez, G., Ferreira, O., Costa C. 
and R. McCall (2014) “RISC-KIT: Resilience-Increasing Strategies for Coasts – toolkit”, In: Green, A.N. 
and Cooper, J.A.G. (eds.), Proceedings 13th International Coastal Symposium (Durban, South Africa), 
Journal of Coastal Research, Special Issue No. 66, 6 p., ISSN 0749-0208. 
17. Viavattene, C., Priest, S., Parker, D., Owen D. (2014) From theory to practice: can we really value coastal 
flood impacts?, 6
th
 International Conference on Flood Management - Sao Paulo. 
18. Viavattene, C., Micou, A.P., Owen, D.J., Priest, S. and Parker, D.J. (2015) Library of Coastal Vulnerability 
Indicators, RISC-KIT Project Deliverable D2.2: http://www.risckit.eu/np4/8/   
19. Viavattene, C., Jimenez, J.A., Owen, D., Priest, S.J., Parker, D.J., Micou, P. and Ly, S. (2015b) Coastal 
Risk Assessment Framework: Guidance Document, EU FP7 603458 research project RISC-KIT - 
Deliverable No: D.2.3, 155 p.  
20. Zanuttigh, B., Sitta, G. and Simcic, D. (2014) THESEUS Decision Support System User Manual, FP7 
Theseus project 244104. 
21. Zhang, P., Benbasat, I., Carey, J., Davis, F., Galletta, D. and Strong, D. (2002) Human-Computer 
Interaction Research in the MIS Discipline, Communications of the AIS, 9, 20, 334-355. 
 
